Catalytic mechanisms, and therefore activity, depend on the structure of catalyst surfaces. In turn, surfaces may reconstruct and/or exhibit local configurations that vary from bulk composition and structure. CeO 2 (ceria) is a redox catalyst of interest in numerous automotive, energy and, increasingly, biomedical applications. Previous studies aimed at understanding catalytic mechanisms on ceria have limited consideration to systems with bulk-like stoichiometric or sub-stoichiometric surfaces. Here we summarize previous computational studies on ceria surfaces, nanoclusters, and nanoparticles, and highlight challenges in constructing physically-representative ceria nanoparticle (CNP) structures. Setting aside assumptions of bulk-like stoichiometric or sub-stoichiometric ceria surface terminations, we report results of DFT + U calculations and show that sufficiently small CNPs are not bulk-terminated, but rather are stabilized by the formation of O q x groups (-2≤q≤0, x≤3) at corners, edges, and {100} facets. These surface structures, not the annihilation and regeneration of O-vacancies, may directly control reduction/oxidation catalysis at CNPs below a critical size.
Introduction
Catalysts are essential engineering materials used to promote specific chemical reactions in a host of applications and processes. Typical catalysts influence target reactions by enhancing the binding or localization of reactant molecules at catalyst surfaces while lowering reaction barriers and allowing desorption of product molecules. Ideal catalysts have high activity, specificity and stability, as well as low contamination rates under operating conditions. Various pure metals and, increasingly, metal oxides are widely applied as catalysts. Reversible reduction/oxidation catalysts have particular technological value in energy, environmental and biomedical applications.
Cerium dioxide (CeO 2 , ceria) has served as an excellent reduction/oxidation catalyst for 30 years. Ceria has been shown to have wide applications in environmental remediation, energy generation and biomedicine, in addition to other important applications in microelectronics, optical films, gas sensors, and polishing materials [? ? ? ? ? ? ? ? ? ? ? ? ? ] .
The effects of a catalyst on a chemical reaction are necessarily surface effects. That is, the physical and chemical action of a catalyst occurs at the interface between the catalyst and its environment-namely, at the catalyst's surfaces. Enhancing or tailoring catalytic behavior, therefore, first requires an understanding of the structure and properties of the catalyst's surfaces. In ceria or ceria-supported catalysis the discovery that bulk cubic fluorite ceria can be reduced through the formation of O-vacancies and reversibly (re-)oxidized via the annihilation of O-vacancies has led to the development of a general understanding that the presence of (or potential to form) O-vacancies on ideal, bulk-terminated ceria surfaces drives the catalytic activity of ceria in reduction/oxidation reactions. In fact, explanations for the mechanism of ceria catalysis have, to date, assumed ideal, bulk-like ceria surface structures, or minor perturbations thereof. But does this picture apply to ceria nanoparticle (CNP) systems? Do the catalytically active surfaces of CNPs actually exhibit ideal, bulk-like surface terminations?
In this paper we report DFT + U calculation results demonstrating that sufficiently small CNPs are not bulk-terminated, but instead exhibit stable surface configurations characterized by the formation of chemically bound O q x groups. In presenting these results we summarize previous computational efforts to discern the detailed structures and properties of experimentallyrelevant ceria facets and CNPs. We highlight how previous studies have generally limited consideration to structures with bulk-like surface terminations and primarily focus on the potential role of lattice O-vacancies as active surface sites for ceria catalysis. We discuss the inherent challenges in constructing physically-representative structures for computing CNP surface properties, and note that the complexity underlying these challenges motivates an exploration of CNP structures that is not limited by assumptions of bulk-like CNP surface terminations. We then give a detailed description of our computational methods, including a discussion of how initial CNP structures were generated and the computational tools and techniques used to relax these structures to their ground state (lowest energy) configurations.
We derive a robust expression for the excess energy of formation capable of characterizing-and allowing comparisons between-the stability of surface configurations on CNPs of various shapes and sizes. can be reduced at elevated temperatures to form a range of O-deficient, 4 non-stoichiometric oxides (CeO 2−x ), referred to collectively as "reduced"
ceria. In addition, it was shown that ceria is able to reversibly transform among these various reduced phases [? ? ? ] . Further studies [? ? ? ] directly exploring these transformations found that bulk ceria retains a cubic fluorite structure despite removal of 25% of lattice O atoms when subjected to reduction below 900 K. While these studies noted an anomalous lattice expansion during reduction, they found that O-vacancy-containing reduced ceria could be completely recovered to stoichiometric CeO 2 when exposed to an oxidizing environment, even at room temperature. ].
The second assumption upon which the "four-step" mechanism is based, These studies have also sought to identify a "size-converged" model CNP, that would be as small as possible to minimize computational cost, but large enough to be representative of experimentally observed properties [? ] . Us- ions ("peroxide-like O atoms"), whose instability is likely reflected in the relative increase in the CNP formation energy.
Summary
Previous atomistic calculations have examined both semi-infinite ceria surfaces and various ceria nanoclusters and nanocrystallites. These studies have been limited to structures with bulk-like surface configurations (see 
Computational details

Calculation methodology and settings
In the following we apply DFT + U calculations to explore the proper- All results detailed below are for fully "relaxed" atomic structures. That is, initial atomic geometries are evolved according to the calculated interatomic forces seeking a minimum energy (instantaneous ground state) configuration. This is functionally equivalent to minimizing the instantaneous forces, as forces are simply the set of derivatives of the total energy with respect to each atomic degree of freedom. For the present calculations all considered structures were relaxed without symmetry constraints until maximum residual atomic forces were less than 0.04 eV/Å and total energies were converged to within 10 −4 eV/atom. Figure 2a ). Initial CNP structures with various sizes and shapes were constructed by repeating this unit cell in three dimensions (see, e.g., Figure 2b ). In the following we explicitly consider cubic {100}-terminated CNPs, in addition to previously considered octahedral and cuboctahedral structures.
Initial atomic geometries
{100}-terminated CNPs are considered because such shapes have been observed experimentally (see, e.g., Figure 3 ). In addition, previous experimen- 2e and 2f) . As above, the supercell for ∼1 nm octahedral CNPs is constructed to have an intraparticle seperation of at least 1.5 nm, and therefore is assigned a net size of 3.8 nm × 3.8 nm × 3.8 nm (see Figure 2e ). Cuboctahedral ∼1 nm whether a particular CNP structure is more or less stable (has lower or higher energy) than the reference (a reduced) CNP structure.
Here 
Results
We These results demonstrate that the thermodynamically stable configuration that a sufficiently small CNP begins in and returns to before and after catalyzing a redox reaction is not stoichiometric, rather the surfaces of thermodynamically stable CNPs that are sufficiently small are O-enriched. We are now in a position to comment on why the formation of O q x surface groups substantially reduces the excess energy of formation for sufficiently small CNPs. As a rare earth oxide with negative enthalpy of formation (see 
